Abstract: Significant advances have been made in the past decade in the field of mass spectrometry imaging (MS imaging). It is a relatively unestablished technique aimed at direct, high-sensitive and spatially exclusive detection of biological molecules from the surface of tissue sections, so that semi-quantitative distribution map of the analyte can be reconstituted from the mass spectra obtained. There is tremendous potential in its application especially in clinical field, such as biomarker discovery or pharmacokinetic study. However, vast majority of the work has been performed on frozen tissue sections, while it remains generally unpractical to produce frozen sections with clinically resected tumor samples. Here we report our novel sample preparation technique that enabled MS imaging from formalin-fixed paraffin embedded (FFPE) tissue section, including retrospective archive as old as 11 years. FFPE sections were first dewaxed with pre-warmed xylene, and exposed tissue surface was enzymatically digested in nanoliter scale droplets to retain analyte localization. As a result, we succeeded in obtaining MS images of peptide peaks derived from several proteins, identified by MS/MS analysis, using ovarian cancer FFPE sections. The qualities of mass spectra obtained by this method were not significantly different from those obtained from frozen sections. By this, we opened the door to retrospective study of past clinical cases in aim to discover molecular biomarker.
Introduction
Imaging by matrix-assisted laser desorption/ ionization mass spectrometry (MALDI-TOF MS) 1) using tissue samples is a relatively new technique that is specialized for direct analysis of localized protein expression at microscopic spatial resolution, which is hoped to add another dimension to the current field of proteomic analysis.
2) It offers a potential solution for visually bridging histopathological study of tissues to structural and expressional study of proteins, which is especially important for cancer research and biomarker validation.
3)
Indeed, investigation on MS-compatible staining methods 4) and attempts to associate MS imaging with immunohistochemistry 5) have been recently reported as foundational studies. However, all publications to date use freshly prepared frozen tissue sections and no success has been reported with regard to formalin-fixed paraffin embedded (FFPE) tissue sections that hold even greater clinical potential. Using FFPE samples for clinical research would overcome three difficulties encountered by other biological samples (e.g., serum): first, tremendous time and cost needed to accumulate enough sample numbers is alleviated; second, the sampling and storage protocol is already wellestablished; and finally, the follow-up studies have already been performed for each sample to link result with clinical outcomes. There are archives of FFPE samples worldwide waiting to be analyzed, not only in clinical field but also in plant and insect biology because it is difficult to preserve plants and insects in frozen form.
Therefore we aimed solely at acquiring valid MS images using FFPE sections that are comparable to those obtained from frozen sections, and this is the first report that describes the sample preparation techniques needed for MS imaging of FFPE tissue, as summarized in Fig. 1 . Not surprising from its semi-permanent stability, proteomic analysis of FFPE sections are indeed challenging because of embedding paraffin and chemical cross-linking of formaldehyde.
We developed a novel sample preparation technique that incorporates the modified dewaxation protocol and in-situ tryptic digestion within nanoliter scale droplets by chemical inkjet printer to retain analyte localization. 6) MALDI matrix was applied in the same fashion to ensure the formation of uniform crystals, a critical factor for reproducible signal acquisition.
7),8)
Using this technique, we first analyzed and compared the mass spectra acquired from frozen and FFPE tissue sections of the same sample source, and demonstrated that observed peptide signals were of equivalent quality in both samples. Critically, we demonstrated that this sample preparation technique can be applied to retrospective analysis of old (11 years old) samples to obtain sufficient signals for MS imaging, pioneering the field of retrospective MS imaging study. C water bath, and dried on an extender at 45 C. FFPE sections were dewaxed by gently immersing in xylene for 10 minutes pre-warmed to specified temperature in water bath. The slide was then washed in stepwise immersion, 5 minutes duration each, into 100% ethanol twice, 90% ethanol, 80% ethanol and finally in 70% ethanol.
Materials and methods

Reagents
Frozen tissue sample preparation. Mouse brain was embedded in optimal cutting temperature (OCT) compound and frozen to À30 C. The frozen tissue block was sliced into 10 mm sections by cryostat microtome (Leica Microsystems) at À20 C and attached onto ITO-coated glass slide. The section was air-dried for 1 hour and washed briefly in PBS, then in 70% ethanol, to remove OCT.
Cancer tissue samples. Ovarian cancer and endometrial cancer FFPE tissue sections were provided by Keio University with informed consent and under authorization of the ethical committees of Keio University and Institute of Medical Science, University of Tokyo.
Tryptic digestion. Sample slide was slotted into MALDI target plate, affixed with conducting tape, and inserted into chemical inkjet printer CHIP-1000 (Shimadzu Corporation). Trypsin solution was prepared by dissolving 100 mg of trypsin in 1 ml of 10 mM NH 4 HCO 3 solution. Using CHIP-1000, trypsin solution was spotted over the tissue section in 2.5 nl droplets at spatial interval of 200 mm over 2 cycles. After spotting, the MALDI plate was immediately incubated at 37 C in total humidity for 3 hours.
Matrix deposition. DHB solution was prepared at concentration of 50 mg/ml, dissolved in 50:50 acetonitrile and 0.1% trifluoroacetic acid with pre-dissolved 1 nmol/ml bradykinin fragment as internal standard. SA solution was prepared similarly at 20 mg/ml concentration. As above, CHIP-1000 was used to deposit DHB solution over digested tissue section in 0.5 nl droplets over 15 cycles at spatial interval ranging from 100 to 200 mm as will be discussed. For non-digested samples, SA solution was spotted in 1 nl droplets over 10 cycles at 200 mm interval.
Evaluation of signal acquisition. AXIMA-QIT (Shimadzu Corporation) was used for measurement of digested sections. In optimization experiments, mass spectra were automatically accumulated over 100 points at 50 mm spacing, covering the area of 450 mm square, while keeping all instrument parameters constant throughout. Peaks were harvested from each spectrum and its number was recorded, as it would numerically reflect the efficacy of signal acquisition.
Data acquisition for imaging MS analysis. After determining the optimum sample preparation procedure, MS data was acquired for molecular imaging purpose under following conditions: 50 laser shots per point; 2115 points at 100 mm spacing, covering the tissue area of 4400 mm by 4600 mm; and each laser-shot profile was stored individually in an automated fashion. The obtained collection of mass spectra was converted, for selected m=z value, into comma separated values (CSV) associating signal intensity with XY coordinate. The intensity values were normalized as the fraction of bradykinin peak intensity in the same spectrum. The resultant CSV file was graphically represented by Graph-R software (freeware produced by Toru Itoh, http://www.vector.co.jp/vpack/ browse/person/an020638.html), to visualize variation of intensity over XY coordinate for selected m=z value.
Results
Optimization of dewaxing protocol. In order to analyze FFPE tissue sections by MALDI-TOF MS, the primary requirement was removal of No. 7] Direct imaging mass spectorometry analysis using FFPE tissue sectionsparaffin that would otherwise physically interfere with tryptic digestion, matrix crystallization and hence signal acquisition. First, we adhered to the conventional dewaxing procedure, that is, three sequential immersion of tissue slide in 100% xylene for 5 minutes at room temperature. However, it appeared that there was still significant amount of residual paraffin on the tissue, and the resultant signal obtained was not satisfactory. To improve the dewaxing protocol, we investigated two factors; temperature and immersion time of xylene. The efficacy of dewaxing protocol was evaluated by taking the final number of harvested peaks as a numerical indicator of general quality of MALDI-TOF MS analysis. Fig. 2 represents the graphical representation of the result (n ¼ 3), showing improvement in signal acquisition, due to more efficient paraffin removal, when pre-warmed xylene was used (P ¼ 5 Â 10 À5 ) and for immersion time of 10 minutes or longer (P ¼ 1 Â 10 À6 ). Therefore, for all following experiments, we fixed the dewaxing protocol by 60 C pre-warmed xylene and 10 minutes immersion time.
Effect of enzymatic digestion. Not unexpectedly, we demonstrated that direct MALDI-TOF MS analysis of intact FFPE sections by conventional methods (measuring high molecular weight ions by linear mode using SA as matrix) was totally inadequate, even after appropriate dewaxing step. Virtually no protein signal was detected from FFPE sections whereas numerous peaks were obtained from frozen sections of the same origin (Fig. 3) . By direct enzymatic digestion of the tissue, we succeeded in acquisition of adequate mass spectra from FFPE sections with peptide peaks that can be identified by MS/MS analysis. The comparison of peak profiles obtained from frozen and FFPE sections revealed that 26 peaks (about 20% of total peaks) were observed in both spectra. One such peak with m=z 1274.6 was analyzed by MS/MS by AXIMA-QIT to identify the peptides by de novo amino acid sequencing and yielded the same result from both spectra, suggesting that unmodified peptide fragment can be recovered from formalin-fixed proteins by enzymatic digestion. In order to show that spectra obtained from FFPE samples are as applicable to MS imaging as frozen sections, the quality of spectra was evaluated by total peak numbers and normalized peak intensities of three common peaks. The difference between the total peak numbers was not significant and individual peak intensities can be even greater compared to those obtained from frozen sections. analysis of excellent sensitivity, it was regarded unsuitable for MS imaging as it forms uneven, needle crystals that concentrate analytes into random, confined area commonly known as ''sweet spots''. To overcome this problem, we spotted highly concentrated solution of DHB in nano-scale droplets by using a chemical inkjet printer CHIP-1000. We investigated the effect of spatial interval of individual spots ranging from 100 mm to 200 mm (n ¼ 3). Efficacy of MS measurement was evaluated by peak numbers as previously discussed, and the results were summarized in Fig. 4 , together with the picture showing general appearance of the DHB microcrystals. As a result, we observed that 150 mm or 175 mm spacing resulted in the best outcome.
However, optimal spatial interval of matrix spotting can change depending on matrix and solvent composition, and should be empirically assigned.
MS imaging of FFPE ovarian tumor section. FFPE ovarian tumor section was prepared for direct MS analysis by optimized paraffin removal and direct trypsin digestion. Non-cumulative MS data was acquired for MS imaging and the data was processed as described in materials and methods section. (6) y (6) b (7) y (7) y* (8) y (8) y (9) (y) 
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Direct imaging mass spectorometry analysis using FFPE tissue sectionshouse-keeping proteins and are not expected to specifically localize. In contrast, the hemoglobin image showed a strongly localized pattern. MS/MS measurements were performed on other prominent peaks, and 39 out of 58 peaks were successfully identified, as listed in Table 1 . One of the identified peptide was derived from N-terminus of the original protein, which was modified by N-terminal acetylation (data not shown).
Retrospective analysis of endometrial cancer. We analyzed groups of 1 month-and 11 years-old FFPE endometrial cancer sections by MALDI-TOF MS and compared the spectra obtained from non-cancer regions under the same conditions (Fig. 6) . The signal attainability was assessed by total number of peaks and normalized peak intensities of four representative peaks (derived from actin beta as identified by MS/MS). As a result, we observed slight but significant (P ¼ 0:005) decrease in the number of harvested peaks in 11 years-old section, from 130.0 to 111.8 on average. Normalized signal intensities of individual peaks also show marked decrease form 1 month to 11 years, though alterations in peak profiles are expected from samples of different individuals. 
Discussion
The nature of FFPE tissues has long been imposing a great limitation to its proteomic analysis, primarily because of the extensive crosslinks induced by formaldehyde fixation. The randomness and irreversibility of the inter-protein crosslinks have made intact protein separation impossible, as demonstrated by comparative two-dimensional gel electrophoresis analysis where protein extracted from FFPE tissue resulted in no spot, contrasted by efficient protein retrieval from ethanol fixation.
9)
The only feasible proteomic analysis method for FFPE tissues so far is described by Hood et al., who used reverse phase LC linked to ESI-MS/MS for shotgun identification of enzymatically digested peptides.
10) It can be modeled that proportion of each protein can be retrieved by digesting across the crosslinked structure because conventional formaldehyde fixation does not affect all potential attacking sites.
Our reporting MS analysis of FFPE tissue sections followed the same bottom-up principle, and we have acquired peptide signals from FFPE sections that were equivalent to those of frozen sections in signal intensity and diversity. Critically, none of the MS/MS spectra showed any sign of formaldehyde derivative, which should be the case if formaldehyde attacks result in crosslink to other surrounding molecules. Moreover, only 2 of 42 peptides were of missed cleavages, indicating that trypsin digestion condition was generally favorable and could digest across crosslinked structure of proteins.
11) Therefore we conclude that our modified dewaxation, in-situ digestion and matrix deposition protocols made paraffin embedment no longer an inhibitory factor to ionization of peptides for MS imaging analysis. Moreover, this technique can potentially be applied to analysis of other biological molecules by the same principle, such as lipids, metabolites and oligonucleotides, although strategies to overcome formaldehyde fixation needs consideration for each type of analysis. For example, it should be possible to monitor the effect of drug introduction by directly detecting fluctuation in low molecular weight metabolites, including the drug compound itself and its biochemical derivatives. Above all, the most critical application of this technique is for retrospective studies using sample archives. However, in this report we have failed to show that equivalent signal yield can be acquired regardless of the time of FFPE preparation, even though the signal yield was good enough for MS imaging by itself. It appeared that signal intensities of the same peak profile had generally deteriorated in old sections, possibly because of long-term sample degradation, as frequently experienced in immunohistochemistry as well. If this phenomenon is solely attributable to non-specific degradation, we should be able to acquire the same peak profiles by applying appropriate normalization.
The dynamic range of MS imaging analysis is admittedly still underdeveloped, since we only managed to identify cytoskeletal proteins, globins and house-keeping proteins that are most abundantly present in tissues. This is largely attributable to the methodology itself. Even with standard samples, the dynamic range of detection of MALDI-TOF MS instrument will not exceed three orders of magnitude 12) due to factors such as detector satu- 
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Direct imaging mass spectorometry analysis using FFPE tissue sectionsquantitative data that can be directly associated with conventional analysis such as immunohistochemistry. 14) By world-wide comprehensive research, which is a realistic prospect considering the archive of samples stored, it is hoped that the technique described here will contribute to the discovery of subtle but statistically affirmed expressional change associated with carcinogenesis that could be used for tumor diagnosis and reliable prognostic prediction.
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